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The likelihood of success of forest 
restoration can be improved by 
choosing genetically diverse forest 
reproductive material that is well 
adapted to the planting sites.
introDuCtion  While the international commu-nity and individual countries have committed to restoring 
hundreds of millions of hectares of 
degraded forest landscapes,1 the suc-
cesses and failures of past restoration 
efforts remain poorly documented and 
communicated. This is a missed oppor-
tunity to learn from past experiences and 
to improve practices for better success 
rates and more efficient resource use in 
future restoration projects. Case studies 
demonstrate that failures may have been 
much more common than successes 
(Wuethrich, 2007; Godefroid et al., 
2011). The causes of restoration failures 
can be manifold. One reason that is often 
overlooked is inadequate consideration of 
the source and genetic quality of forest 
reproductive material (FRM) (Godefroid 
et al., 2011; Le et al., 2012). Genetic 
diversity is positively related not only to 
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the fitness2 of tree populations (Reed and 
Frankham, 2003; Schaberg et al., 2008) 
but also to wider ecosystem functioning 
and resilience (Gregorius, 1996; Reusch 
et al., 2005; Sgrò et al., 2011). Adequate 
attention to the genetic quality of FRM is 
particularly important for forest restora-
tion, including tree-planting activities that 
aim to ‘‘reinstate autogenic ecological 
processes by which species populations 
can self-organize into functional and 
resilient communities that adapt to 
changing conditions while at the same 
time delivering vital ecosystem services’’ 
(Alexander et al., 2011).
The origin and genetic diversity of 
FRM significantly affect the survival, 
growth, and productivity of trees as well 
as the adaptive capacity and hence self-
sustainability of tree populations (Reed and 
Frankham, 2003; Schaberg et al., 2008). In 
a meta-analysis of almost 250 plant species 
reintroductions worldwide, Godefroid et al. 
(2011) found that knowledge of the genetic 
diversity of the species introduced, and 
integrating that knowledge in seed sourc-
ing, significantly enhanced the survival 
rate from the first year after reintroduc-
tion, and that this effect increased over 
time. The importance of using appropriate 
germplasm was recently highlighted by 
the 12th meeting of the Conference of the 
Parties to the Convention on Biological 
Diversity, which called for “due attention 
to both native species and genetic diversity 
in ecosystem conservation and restoration 
activities…” (Decision XII/19, 2014).3
ConsequenCes of low GenetiC 
DiVersity or inappropriate 
oriGin of forest reproDuCtiVe 
Material
Two main considerations in the selection 
of FRM are crucial for bolstering the resil-
ience of restored forests: planting material 
should be: (i) well-matched to the (present 
and predicted future) conditions of the 
planting site to ensure adaptedness; and 
(ii) sufficiently genetically diverse to avoid 
the adverse effects of inbreeding, provide 
sufficient genetic variants for natural selec-
tion to occur, and enhance the resistance 
of established populations to acute and 
chronic stressors, such as pests and dis-
eases, as well as drought and other effects 
of progressive climate change.
Failure related to the use of poor-quality 
FRM may lead to high initial mortality, 
poor growth, susceptibility to biotic and 
abiotic stressors, and low reproductive suc-
cess after the trees mature. High initial 
mortality is often witnessed within the 
planting or maintenance period of restora-
tion projects and may be dealt with by 
replanting. However, the success of replant-
ing depends on the underlying causes of 
mortality and how well these are addressed 
in further planting efforts. Most other 
types of failure become apparent later, 
often long after the project maintenance 
periods have ended, and are more difficult 
to mitigate. For example, poor growth or 
survival because of mismatched FRM or 
low genetic diversity may become increas-
ingly apparent over decades. Delayed 
mortality resulting from susceptibility to 
biotic or abiotic stressors may manifest 
itself only after certain exceptional events. 
An example is the case of 30 000 ha of 
Pinus pinaster plantations, which were 
established in the Landes region of France 
with planting material from the Iberian 
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The result of restoration of a gold mine spoil in Cáceres, Colombia, 12 years after initiation 
(same site, before and after). The site was originally planted with diverse seed mixtures of 
20 tree species (Moscoso Higuita, 2005) and now contains over 120 different native tree 
species and diverse wildlife, including jaguars, boa constrictors, sloths and several species of 
primates. This project has successfully attained certification for several standards such as the 
Verified Carbon Standard (VCS), Climate, Community and Biodiversity Standard and the gold 
standard, and it is currently trading verified carbon units (>400kt) on the international carbon 
market. With this, it became the first VCS project in South America, and the first ever in the 
world, with over 100 native tree species generating carbon credits (Thomas, 2014)
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peninsula that was susceptible to frost, and 
were destroyed during the exceptionally 
cold winter of 1984/1985 (Timbal et al., 
2005).
The diversity of the first generation of 
trees plays a key role in the success of 
subsequent natural regeneration at a site. 
First-generation trees that are established 
by using FRM from genetically diverse 
source populations where the reproduc-
tive material is collected but from only 
one or a few genetically diverse mother 
trees will grow normally. However, many 
of the planted trees will be full or half 
siblings, resulting in inbred offspring in 
the next generation which may lead to 
reduced fitness (Reed and Frankham, 
2003; McKay et al., 2005). The first signs 
of the deleterious effects of mating among 
relatives often become apparent when the 
trees reach reproductive age, with a drop 
in seed quality and quantity as well as 
decreased germination and seedling sur-
vival rates. In subsequent generations it 
may jeopardize the long-term viability and 
resilience of restored forests. For example, 
significantly reduced growth was observed 
in inbred second- and third-generation 
seedlings of Acacia mangium as compared 
to the mother trees that were originally 
introduced to Sabah (Malaysia) using FRM 
from Australia in 1967, and which had 
a very narrow genetic base (Sim, 1984). 
Inbreeding depression is more commonly 
expressed in more stressful environ-
ments, such as those characterized by the 
degraded soils found at most restoration 
sites (Fox and Reed, 2010). In the absence 
of an influx of new genes (e.g. through 
natural or human-influenced gene flow), 
this may lead to cascading effects over 
generations, increasing the risk of popula-
tion and ecosystem collapse in the longer 
term owing to reduced vigour of trees, and 
a higher vulnerability to pests, pathogens 
and the effects of climate change. Similar 
problems occur when planting material 
is vegetatively propagated and originates 
from just a few trees.
In spite of these risks, insufficient 
consideration is given to the selection 
of appropriate planting material by res-
toration practitioners around the world 
(Bozzano et al., 2014). In the future, use 
of inadequate planting material may be 
an even more likely consequence of the 
limited restoration experience of many 
new actors emerging in response to major 
international commitments to restoration 
goals. Avoiding this will require the avail-
ability and mainstream use of user-friendly 
knowledge-based tools and protocols to 
guide restoration practitioners’ choices of 
species and seed sources. If such tools and 
protocols are not followed, the choices can 
be expected to be predominantly opportun-
istic (i.e. focused on using easily accessible 
and available planting stock), at least in 
the short term. A survey of 23 restoration 
researchers and experts showed that spe-
cies selection was more frequently based 
on the availability of planting material 
than, for example, on the conservation 
status of the species or their functional 
traits (Bozzano et al., 2014).
ensurinG that frM is 
GenetiCally DiVerse
Adaptation to changing site conditions 
occurs through natural selection. Effective 
natural selection depends upon: (i) genetic 
diversity in the traits that influence sur-
vival, growth and reproduction; (ii) the 
heritability of these traits; and (iii) large 
population sizes. When the intention is 
to establish self-sustaining forest ecosys-
tems through restoration, it is pivotal that 
sourcing or collection of FRM is carried 
out in such a way as to capture a broad 
diversity in adaptively important traits for 
the target species. This means collecting 
seed from sufficiently large populations 
and from many unrelated mother trees, 
i.e. a minimum of 30–60 widely spaced 
trees or more if vegetative propagules 
are used (Kindt et al., 2006; Basey et al., 
2015). Efforts should be made to avoid the 
successive use of seed collections from 
planted stands with low genetic diversity 
(Lengkeek et al., 2005), as this may exacer-
bate the effects of a narrow genetic base 
in subsequent populations. Also, where 
restoration relies mainly on natural regen-
eration, seed sources near the restoration 
site must be genetically diverse. 
Guidelines for tree seed collection 
that aims to ensure a minimum level 
of genetic diversity exist, but appear to 
be largely unknown or overlooked by 
restoration practitioners or those who 
supply germplasm (Bozzano et al., 2014; 
Godefroid et al., 2011). This is probably 
partly because their implementation can 
be both time- and resource-demanding 
and partly because genetic homogeneity is 
not immediately visible while its negative 
effects become so only over time (Rogers 
and Montalvo, 2004; FAO, 1987; FAO, 
2003; Palmberg, 1983).
An additional argument for the use of 
genetically diverse germplasm is that 
restored forests may later become seed 
sources for future restoration activi-
ties. Furthermore, if properly designed, 
restoration efforts offer cost-effective 
opportunities for conserving native tree 
species and their genetic variation (Sgrò 
et al., 2011). This is particularly useful for 
rare, endemic or endangered species for 
which the availability of suitable germ-
plasm is often very limited. Maintaining 
records of the sources of FRM is essential 
to inform decisions about future collection 
and management. Such records will also 
provide valuable information about the 
adaptability and viability of the original 
FRM used as the restored forests mature 
and their fitness can be evaluated (Rogers 
and Montalvo, 2004; Godefroid et al., 
2011; Breed et al., 2013). 
ensurinG aDaptation to 
plantinG site 
Germplasm should not only be genetically 
diverse but also matched to the current 
and future conditions of the planting 
site. There is commonly a preference for 
planting stock from local sources (McKay 
et al., 2005; Sgrò et al., 2011; Breed et al., 
2013). This is based on the assumption 
that local tree populations have undergone 
natural selection, thereby becoming opti-
mally adapted to conditions of a nearby 
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restoration site, an assumption that is 
not always correct (McKay et al., 2005). 
Excessive emphasis on “local” germplasm 
may overlook the fact that geographical 
proximity to the restoration site is not nec-
essarily the best indicator of the quality or 
suitability of germplasm. Local adaptation 
may, for example, be hindered by limited 
gene flow4 or genetic drift5 in small popu-
lations. In the degraded soils that often 
typify restoration sites, conditions may 
be very different from those under which 
local tree populations originally developed. 
Furthermore, environmental mosaics may 
result in geographically distant sites having 
similar conditions, while the conditions in 
nearby sites may be very different.
Ideally, the choice of the most suitable 
seed sources for a given restoration site is 
guided by provenance trials, if and when 
these exist. Provenance trials enhance our 
understanding of differences in responses 
by different genotypes grown in a particu-
lar environment. This is known as genotype 
by environment (GxE) interaction. Some 
genotypes may be very stable across a 
range of environments while others may 
perform much better in some environments 
than in others. The magnitude and type of 
GxE influence the distances across which 
planting materials can safely be moved 
from their local environments.
Provenance trials can be particularly use-
ful in informing restoration practitioners 
about the scale and extent of local adapta-
tion in tree species. Although many current 
provenance trials were not intentionally 
designed to characterize adaptive traits 
of different provenances, survival and 
growth are always assessed in such trials 
and these are basic measures of adaptation 
to the site where a trial is planted (Mátyás, 
1994). They can help determine sources 
of planting material that are adapted to a 
particular site and the range within which 
reproductive material of a species can be 
moved without significant loss of adapta-
tion (ecological tolerance limits). 
4 The exchange of genes between populations, 
usually through pollination and seed dispersal.
5 A change in allele frequency from one generation 
to another within a population, due to the sam-
pling of a finite number of genes that is inevitable 
in all finite-sized populations. The smaller the 
population, the greater is the genetic drift, with 
the result that some alleles are lost and genetic 






Individuals of Parkia biglobosa (Jacq.) 
G.Don (Leguminosae) in a provenance 
trial established by the National Tree 
Seed Center of Burkina Faso (CNSF) 
at the site of Gonsé in 1995. The trial 
included 15 provenances from across 
the range of the species. All trees were 
planted at the same time with planting 
material of different origin. The tree 
in the foreground shows signs of 
maladaptation to the environmental 
conditions at the planting site
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Globally, some 700 tree species are sub-
ject to improvement programmes of some 
level, such as selection and provenance 
and/or progeny testing (FAO, 2014). While 
the oldest provenance trials were of tem-
perate species, established both within and 
outside their natural ranges for industrial 
plantations, trials have also been estab-
lished more recently for tropical species, 
including those that are important for the 
provision of non-wood forest products. 
Even if provenance trials do not exist at 
the time of planting, it is worth investing in 
their establishment, particularly in light of 
expected climate change, as they provide 
information about the adaptedness of the 
provenances to changing climate condi-
tions over the lifespan of the planted trees. 
Ideally, provenance trials should cover the 
range of environments in which a species 
occurs and where it may be planted. The 
site conditions in a restoration area are 
often substantially different from those 
of the surrounding forests. Degraded sites 
may be more prone to drought, suffer from 
nutrient-depleted soil or lack other species 
that would normally be part of a function-
ing forest ecosystem. The establishment of 
future provenance trials should therefore 
also consider incorporating these factors. 
In the absence of provenance trial data, 
suitability modelling and ecogeographical 
analyses of the environmental conditions 
at the planting site, as well as at the pos-
sible sites from which germplasm may be 
obtained, provide an alternative approach 
for selecting well-matched seed sources. 
If available, the genetic characterization 
of potential source populations through 
the application of molecular markers can 
provide complementary information on the 
genetic diversity profiles of these popula-
tions, as well as on the degree of genetic 
differentiation among them (Soldati et al., 
2013; Azpilicueta et al., 2013). Recent 
advances in suitability modelling and the 
increasing availability of ever cheaper 
genotyping6 techniques make it possible to 
better design restoration efforts at the land-
scape level, not only for matching FRM 
to restoration sites, but also for optimizing 
the connectivity of populations (McRae 
and Beier, 2007).
iMproVinG resilienCe to  
CliMate ChanGe 
Climate change will have a strong impact 
on many restoration sites. Yet currently few 
restoration practitioners appear to consider 
climate predictions in their design and 
implementation (Bozzano et al., 2014). 
Degraded forest sites typically constitute 
tough environments for seedling estab-
lishment and growth. When the climate 
6 The characterization of biological populations 









Emerging seedlings of the 
critically endangered tree 
species Cariniana pyriformis 
Miers (Lecythidaceae)
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simultaneously becomes harsher, natural 
or planted propagules experience even 
stronger selection pressure. Tree species 
generally have high genetic variation in 
adaptive traits, constituting latent adaptive 
potential which is expressed only when 
conditions change (Gamache and Payette, 
2004; Alfaro et al., 2014). However, in 
many cases this may not be sufficient to 
ensure the long-term viability of local 
tree populations. The introduction of 
germplasm collected from more distant 
populations may therefore be necessary.
A growing number of studies recom-
mend the use of seed from mixed sources 
to anticipate the potential impacts of 
climate change (Broadhurst et al., 2008; 
Sgrò et al., 2011; Breed et al., 2013). 
Decision trees have been developed to 
select the most appropriate seed-sourcing 
approach, depending on the evidence and 
confidence limits surrounding climate dis-
tribution modelling, and the knowledge of 
population genetic and/or environmental 
differences between populations (Breed 
et al., 2013; Byrne et al., 2011). If both GxE 
and expected climate change are known 
and expected to be low, a mix of germ-
plasm obtained from local healthy tree 
populations may suffice. In the more usual 
cases where either GxE or climate change 
are unknown, composite provenancing has 
been proposed as a strategy to increase 
the adaptive potential of planting stock 
(Broadhurst et al., 2008; Sgrò et al., 2011; 
Breed et al., 2013). Composite provenanc-
ing aims to simulate natural gene flow 
dynamics by mixing: (i) a high propor-
tion of material sourced locally from a 
range of environmental conditions in the 
same or neighbouring seed zones with 
(ii) a medium proportion of material that 
is sourced from intermediate distances 
and is ecologically matched (e.g. includ-
ing planting material from warmer rather 
than cooler environments) and (iii) a low 
proportion of germplasm from distant pop-
ulations that are ecologically diverse. For 
situations where there is a high probability 
of substantial climate change, but where 
the GxE interaction is less well known, 
an admixture provenancing approach 
has been proposed (Breed et al., 2013). 
In admixture provenancing, seed collection 
is focused on capturing a wide selection 
of genotypes from large populations 
occurring in various environments, with 
no spatial bias towards the revegetation 
site and no regard to gene-flow dynamics 
(Breed et al., 2013). This is intended to 
create a large, highly diverse gene pool 
so that natural selection can “choose” the 
best-adapted genotypes.
In some cases, habitat conditions are 
expected to be altered to such an extent 
by climate change and interacting factors, 
such as fragmentation due to land-use 
changes, that deliberate movement of FRM 
along environmental gradients, beyond the 
maximum distance of natural dispersal 
or pollen flow, may be necessary (Aitken 
et al., 2008; Sgrò et al., 2011). Ideally, 
translocation decisions should be based 
on solid field trial data. Provenance trans-
fer based purely on climate distribution 
modelling is still controversial (Seddon, 
2010; Sgrò et al., 2011). This is due to 
the uncertainties associated with both 
species distribution models and future 
climate models (Alfaro et al., 2014). In 
situations where no provenance trial data 
are available, the composite or admixture 
provenancing approaches described above 
may be more prudent (Breed et al., 2013).
aVailaBility anD supply of  
plantinG Material
By far the most commonly used planting 
material for restoration consists of nursery 
seedlings, partly because this increases 
the chances of successful establishment 
(Godefroid et al., 2011). As a consequence, 
the possibility of using optimal species 
combinations and germplasm that is both 
adapted to site conditions and genetically 
diverse is often limited in practice by what 
is available in commercial nurseries. Seed 
collectors and nurseries (private or public) 
are driven by economic considerations and 
produce what they expect to sell. nursery 
managers often minimize the number of 
species they grow for reasons that may 
relate to the accessibility and availability of 
seed sources, efforts to simplify manage-
ment, the risk of unsold production, or the 
lack of appropriate protocols for additional 
species (e.g. dormancy breaking) (Lillesø 
et al., 2011). A solution is to set up nurseries 
as a part of restoration efforts. This reduces 
the dependency of restoration practitioners 
on the vagaries and practicalities of supply 
from commercial nurseries, but requires 
adequate training of seed collectors and 
nursery staff to ensure that good-quality 
FRM is obtained.
Restoration practitioners who plan to 
obtain planting material from existing 
nurseries should communicate early with 
nursery managers to provide sufficient 
time for propagation of the desired spe-
cies and to allow seed collection standards 
for genetic diversity to be met. Public 
authorities, for their part, should demand 
that nurseries and restoration practitioners 
demonstrate that they have applied due 
diligence in the collection and production 
of planting material to be used in restora-
tion projects, which are often financed 
with public funds. Countries also need to 
invest more heavily in the establishment 
of functional seed distribution systems, 
to ensure the availability of appropriate 
planting material at any restoration site. 
reCoMMenDations
The targets for restoration should not only 
be quantitative. It is important that they 
also include qualitative aims to ensure that 
restored forest landscapes are resilient and 
self-sustaining. This means that adequate 
attention needs to be given to the origin 
and genetic diversity of FRM. 
There is an urgent need for the further 
development, application and main-
streaming of user-friendly guidelines and 
protocols to assist emerging restoration 
practitioners with the choice of tree species 
and sources of FRM  
There is also a need for strong politi-
cal commitment to create a demand and 
ensure availability of seed from diverse, 
well-adapted sources of native species 
through regulatory frameworks and 
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resource allocations. Publicly funded 
restoration projects should demand that 
nurseries apply due diligence with respect 
to the collection and production of plant-
ing material that is best adapted to target 
planting sites. 
It is time for countries, particularly in 
the tropics, to invest in the establishment 
of provenance trials with native species 
across different environmental gradients, 
as these trials generate the most reliable 
data on the adaptedness of germplasm to 
particular sites and for predicting how this 
may change as a consequence of global 
warming. 
It will be crucial to apply adaptive 
management by documenting and sharing 
not only successes but also mistakes and 
failures in forest and landscape restoration, 
both to accumulate existing knowledge and 
to continuously integrate new knowledge 
as it becomes available.
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